S-palmitoylation is a conserved feature in many G protein-coupled receptors (GPCRs) involved in a broad array of signaling processes. The prototypical GPCR, rhodopsin, is S-palmitoylated on two adjacent C-terminal Cys residues at its cytoplasmic surface. Surprisingly, absence of palmitoylation has only a modest effect on in vitro or in vivo signaling. Here, we report that palmitoylationdeficient (Palm −/− ) mice carrying two Cys to Thr and Ser mutations in the opsin gene displayed profound light-induced retinal degeneration that first involved rod and then cone cells. After brief bright light exposure, their retinas exhibited two types of deposits containing nucleic acid and invasive phagocytic macrophages. When Palm −/− mice were crossed with Lrat −/− mice lacking lecithin:retinol acyl transferase to eliminate retinoid binding to opsin and thereby rendering the eye insensitive to light, rapid retinal degeneration occurred even in 3-to 4-week-old animals. This rapid degeneration suggests that nonpalmitoylated rod opsin is unstable. Treatment of 2-week-old Palm 
Gnat1
−/− mice had no effect, indicating that instability of unpalmitoylated opsin lacking chromophore rather than aberrant signal transduction resulted in retinal pathology. Together, these observations provide evidence for a structural role of rhodopsin S-palmitoylation that may apply to other GPCRs as well.
G protein-coupled receptor | light damage | rhodopsin | S-palmitoylation | vision C lass A receptors of the membrane-bound G protein-coupled receptor (GPCR) superfamily contain either a single or tandem Cys residues following the putative helix 8 on their cytoplasmic surface (1) . In a few cases, including rhodopsin (PDB: F88) and the β 1 -adrenergic receptor (PDB: 2RH1), biochemical approaches and more recent structural data (2) provide evidence that these Cys residues are S-palmitoylated. The effect of this modification on GPCR function in experimental cell lines varies and palmitoylation/depalmitoylation appears to be a dynamic process that can be ligand-dependent (reviewed in ref. 3) . However, to our knowledge, no in vivo data are available for any of these receptors except rhodopsin.
A prototypical member of the GPCR family (4), rhodopsin has two palmitoylated Cys residues next to helix 8 that are highly conserved among different species (Fig. S1 A and B) . One of the cone opsins which is sensitive to short wavelength light also carries a possible palmitoylated Cys residue (Fig. S1B ), but this residue is not palmitoylated in mice (5) .
Effects of palmitoylation have been studied either by chemically removing the fatty acid with DTT or hydroxylamine treatment or by mutating the Cys residues forming the covalent fatty acid linkage and expressing the mutant receptor in a heterologous expression system (6) (7) (8) (9) (10) . These approaches revealed palmitoylation-related changes under certain conditions. For instance, lack of palmitoylation was reported to affect both transducin activation and rhodopsin regeneration (8, 10) . However, these changes were not consistently observed in other studies (9) , emphasizing the difficulty in distinguishing between effects of harsh chemical treatment, expression in a heterologous system, and the fatty acid linkage itself.
To circumvent secondary effects on receptor structure and function, a knock-in mouse model expressing palmitoylationdeficient rhodopsin was generated wherein Cys residues at positions 322 and 323 were mutated to Thr and Ser, respectively (11) . Initial characterization of these Palm −/− mice showed that the mutant rhodopsin became hyperphosphorylated upon light activation, thereby enhancing "shut-off" of rhodopsin (11) . Palm −/− mice manifested differences in the rate of transducin activation by rhodopsin and single-molecule force microscopy revealed changes in the force needed to unfold the last stable structural segment of rhodopsin at its carboxyl terminal end (12) . However, these differences, although significant, were relatively minor, suggesting that the principal role of these conserved palmitoylation sites remains undefined. By using the Palm −/− model mouse to further clarify the role of palmitoylation on rhodopsin structure and function, we now show under physiological conditions that rhodopsin palmitoylation is critical for the stability and proper function of opsin in rod photoreceptor cells.
Results

Palmitoylation Does Not Affect Retinal Morphology and Visual Retinoid Kinetics in Mice with Defects in Enzymes of the Visual
Cycle Kept Under Normal Laboratory Lighting Conditions. Palmitoylation of rhodopsin was reported to be associated with proper transport of the visual chromophore, 11-cis-retinal, and its photoisomerized counterpart, all-trans-retinal (13) . Because delayed all-trans-retinal clearance directly leads to retinal degeneration (14, 15) , we established mice with a deletion of the palmitoylation sites (Palm −/− ) combined with a knockout of either ATP-binding cassette transporter 4 (Abca4 −/− ) or retinol dehydrogenase 8 (Rdh8 mice, showed retinal morphologies similar to WT mice at 6 weeks of age (Fig. 1A) . Expression of rhodopsin, S cone opsin, and M/L cone opsin in Palm +/− and Palm −/− mice was also similar to that of WT mice at 6 weeks and 8 months of age ( Fig. 1 B and C) . No retinal degeneration was observed in mutant mice kept under normal laboratory lighting conditions. Palmitoylation deficiency did not change the kinetics of all-trans-retinal clearance and 11-cis-retinal production in these mice after illumination with 500 cd/m 2 for 3 min (decay rates: WT, 2.49e +2 ; ; Fig. S1C ).
Bright Light Induces Severe Retinal Degeneration in PalmitoylationDeficient Mice. Surprisingly, 6-week-old Palm −/− mice illuminated with 10,000 lx light for only 5 min exhibited a 50% loss of photoreceptors, whereas WT control mice exhibited no significant retinal degeneration after the same light exposure for 60 min ( Fig. 2 A and B) . More than 80% of 11-cis-retinal was photoisomerized in Palm −/− mice after this 5-min exposure (Fig. S2 ), which also caused autofluorescent deposits between the outer nuclear layer (ONL) and the retinal pigmented epithelium (RPE) (Fig. 2 A and C) . Retinas of Palm −/− mice showed major atrophic changes after illumination for 60 min (Fig. 2D) . Photoreceptor death was observed 1 and 3 d after 60 min light exposure and retinas exhibited atrophic changes 7 d thereafter (Fig. 2E) . Importantly, cone photoreceptors were preserved after illumination with 10,000 lx for 5 min (Fig. 2F) . Less intense light exposure (12 h at 1,000 lx/12 h darkness daily for 4 weeks) induced rod photoreceptor dysfunction with mislocalization of rhodopsin in the ONL and photoreceptor inner segments, but did not impair cone photoreceptor function (Fig. 2 G-J) . lx, respectively, whereas Palm +/− photoreceptors were completely preserved after 15 min light exposure and less than 20% loss was seen after 60 min exposure ( Fig. S3 C and D) . These data suggest that having only half the rhodopsin unpalmitoylated is not sufficient to induce the extreme light sensitivity observed when all of the rhodopsin lacks palmitate. Among palmitoylationdeficient mice, Palm
Rdh8
−/− animals showed the most severe retinal degeneration, and 6-month-old Palm
−/− mice exhibited rosette-like retinal degeneration after routine maintenance in a 12 h light (10 lx)/12 h dark cycle (Fig. S4 ).
Deposits and Macrophage Infiltration in Degenerating Retinas of Bright Light-Exposed Palm −/− mice. Severe light-induced retinal degeneration in Palm −/− mice revealed two morphologically distinct deposits, colored yellowish and blue, between the ONL and the RPE (Fig. 3 A and B) . Yellow deposits exhibited autofluorescence (Fig. 3C) , and the largest number of them were detected at 5 min after exposure to 10,000 lx light (Fig. S5A ). These deposits were also identified by toluidine blue staining in cells recognized by antimacrophage markers including CD11b, F4/80, and CD169 (Fig. 3 D and G) . Blue deposits were recognized by either DNA-staining DAPI and Hoechst 33342 or 33258 dyes, as well as by nucleic acid-staining SYTOX (Invitrogen; Fig.  S5B ). They also stained dark purple with toluidine blue, but not with Nile red dye (lipid detection) or retina-specific antirhodopsin and antiperipherin antibodies ( Fig. 3 C-F), suggesting that they contained nucleic acid-related material. Together these findings are consistent with EM images that showed macrophages containing retinal debris between the ONL and the RPE but no photoreceptors between the RPE and neural retina ( Lrat −/− retinas had a normal structure with nearly normal rhodopsin expression, whereas 75% of the photoreceptors had degenerated and rhodopsin was not detectable by our antibody to its C terminus in retinas of similarly aged Palm −/− Lrat −/− mice (Fig. 4 B-D) . (17) (Fig. 4D and Fig. S7A ). However, these PNA-positive cells did not stain with cone pigment antibodies (Fig. S7B) . EM imaging showed only inner segments of cone photoreceptors, and outer segment-like structures were completely disrupted in 6-week-old Palm −/− Lrat −/− mice (Fig. S7C) . Notably, developing retinas of Palm −/− Lrat −/− mice at the age of 2 weeks did express rhodopsin (Fig. 4E) , indicating that defects in rhodopsin expression in 6-week-old Palm −/− Lrat −/− mice occurred after initiation of retinal outer segment development. By the age of 3 months, Palm −/− Lrat −/− mice had lost all photoreceptors in the inferior retina, and only a few remained in the superior retina (Fig. S7D) . The severity of retinal degeneration was much less in
Lrat −/− mice but similar to that observed in Palm −/− animals. The fact that light-induced retinal degeneration in Palm −/− Gnat1 −/− mice (mice lacking both palmitoylation and the photoreceptor G protein, transducin) was similar to that found in Palm −/− mice (Fig. S8 ) suggests that 
Lrat
−/− mice with 150 μg of 9-cis-retinyl acetate, a precursor of the artificial chromophore 9-cis-retinal. This compound was selected because rhodopsin can use the chemically more stable 9-cis-retinal just as efficiently as the naturally unstable 11-cis-retinal for its chromophore ligand (18, 19) . 9-cis-Retinyl acetate in DMSO was given intraperitoneally on d 14, 16, and 18 after birth and retinas were examined when mice were 3 weeks old. Indeed, 9-cis-retinyl acetate did succeed in preserving rod and cone photoreceptors as well as rhodopsin and cone opsins in the retinas of Palm (Fig. S9) . Collectively, these data strongly indicate that palmitoylation plays an important role in preventing retinal degeneration in mice, presumably because unliganded depalmitoylated opsin is less stable than the native opsin. 
Discussion
Aside from classical biochemical, biophysical, and histopathological studies, the visual system is amenable to exquisite in vivo evaluation of molecular events. Retinal rod photoreceptors contain rhodopsin, a prototypical GPCR signaling system. Palmitoylation of rhodopsin was first characterized by O'Brien and Zatz (20) and the sites of palmitoylation were determined by Ovchinnikov and colleagues (21) . Originally, it was speculated that palmitoylation could be a nonenzymatic event (22, 23) , but with the discovery of a family of fatty acid CoA transferases (24) , this assumption remains an open question. Depalmitoylation of rhodopsin by chemical treatment with hydroxylamine was extensively used to elucidate the role of palmitoylation (6, 10, (25) (26) (27) , but the results should be interpreted with caution, especially because high concentrations of this strong nucleophile can produce off-target effects on membrane structures. Expressed in COS cells, bovine opsin mutants containing a serine substitution at Cys-323 showed reduced lightdependent phosphorylation by rhodopsin kinase (9), but subsequent studies employing Cys-322-Thr and Cys-323-Ser knockin mice revealed that, after exposure to light, rhodopsin became phosphorylated at a faster rate in mutant than in WT retinas (11) . Conformational changes in the C terminus were observed upon depalmitoylation in biochemical assays (25) . Ensuing structural analysis of rhodopsin by single-molecule force spectroscopy revealed that depalmitoylation was associated with a 2.1-fold reduction in the normalized force required to unfold its carboxyl terminus. Accordingly, lack of palmitoylation in light-activated rhodopsin probably destabilizes molecular interactions in the carboxyl terminal end of this receptor that appear to be required for proper activation of transducin (12) . The region containing helix 8 and palmitoylation sites was also considered to be involved in retinoid-binding that activates opsin without light (13) . Removal of the palmitoyl groups from Cys-322 and Cys-323 of the rhodopsin COOH terminus impaired alltrans-retinal-stimulated activity, suggesting that palmitoylation mediated hydrophobic interactions with retinoids that could activate a large part of the catalytic receptor/G protein interface (6) . However, all these reported effects were relatively modest and did not address the central question of why these sites are evolutionarily conserved. To clarify these findings, we investigated the role of palmitoylation of rhodopsin under natural conditions of in vivo bright light stress to more precisely reveal its function. The rod-and-cone visual system of mice lacking palmitoylated rhodopsin was not affected if animals were maintained in the dark or under mild cyclic lighting conditions; retinoid flow and retinal structure were only minimally compromised (Fig. 1) . To stress the visual system, we crossed Palm −/− mice with mice having gene deletions for two enzymes involved in all-transretinal clearance, thereby generating double-knockout Palm
Rdh8
−/− and Palm −/− Abca4 −/− animals. Standard laboratory cyclic lighting conditions (12 h in 10 lx light/12 h darkness) apparently had little effect on rods or cones of either model. All these mice showed retinal morphology similar to WT mice at 6 weeks of age and the kinetics of all-trans-retinal clearance and 11-cis-retinal production were unchanged (Fig. S1 ). The next question was whether stronger light, known to enhance retinoid flow through the visual cycle, might selectively damage the retinas of these knockout mice and, if so, whether ablation of the visual cycle might protect their retinas from such damage.
Exposure of Palmitoylation-Deficient Mice to Bright Light Causes
Severe Retinal Degeneration. Palm −/− mice, but not Palm +/− or WT mice, displayed severe retinal degeneration when exposed to 10,000 lx light, comparable to that of bright daylight (Fig. 2) . Most striking was that only 5 min of such light exposure was needed to produce severe retinal degeneration. This suggests an acute mechanism of injury rather than involvement of slower cellular processes such as formation of retinoid conjugates that were elevated but unchanged by bright light exposure in both Palm −/− Abca4 −/− and Abca4 −/− mice (Fig. S6) . The short time course also implies that this retinal pathology resulted from either depalmitoylated opsin, a burst of released all-trans-retinal, or both. Involvement of all-trans-retinal is supported by the finding that retinal damage after bright light exposure was more severe in Palm −/− Rdh8 −/− mice than in either Palm −/− or Palm (Fig. S3) (15) , which also suggests that cytoplasmic released all-trans-retinal is more toxic than the fraction retained within rod disk membranes. Additionally, Palm
Rdh8
−/− mice showed the most severe retinal degeneration among all tested Palm −/− mice, displaying characteristic rosettelike retinal degeneration after routine laboratory light exposure that typifies all-trans-retinal toxicity (Fig. S4) . The last issue was further addressed by removing the visual cycle in subsequent experiments discussed in subsequent sections. Along with degeneration, rod cell function also diminished and numerous autofluorescent retinal deposits were observed in brightly illuminated Palm −/− mice. Predictably, cone function was initially well preserved, and the number of cones were substantially reduced only after a large fraction of rod photoreceptors had degenerated.
Retinal Pathology and Macrophage Infiltration. The earliest signs of retinal pathology in light exposed Palm −/− mice were two types of deposits originating from photoreceptor cell degeneration (Fig.  3) . These could originate from membrane and nuclear proteins and from condensation of chromophore. The yellow deposits were autofluorescent and appeared to be engulfed by phagocytes recognized by antimacrophage markers including CD11b, F4/80, and CD169 (Fig. 3G) . These deposits probably represent condensation products of rod cell membrane proteins and retinoids, but they are not condensation products of the A2E type (Fig. S6 ) (28) . A2E would require more time for its formation, phagocytosis, and deposition in discrete compartments of the RPE. Indeed, EM revealed macrophages containing retinal debris between the ONL and the RPE. In contrast, the so-called blue deposits primarily consist of nucleic acid-related molecules because they stained with nuclear DNA-and RNA-recognizing reagents (Fig. S5 ), but not with Nile red dye or anti-retinaspecific antibodies such as antirhodopsin and antiperipherin antibodies (Fig. 3) . The rapid onset of severe bright lightinduced retinal pathology then raises the question of whether aberrant signaling of depalmitoylated rhodopsin, its phosphorylation, or removal of retinoids as the main light absorbing material in the retina is the major determinant of acute lightinduced retinal degeneration in Palm −/− mice.
Palmitoylation-Deficient Opsin Is Unstable, Leading to Light-Induced Photoreceptor Degeneration. First we investigated whether possible aberrant signaling by palmitoylation-deficient rhodopsin might contribute to the observed acute retinal degeneration (29) . Palm −/− Gnat1 −/− mice were generated to eliminate the phototransduction cascade because the rod photoreceptor-specific G protein is genetically removed (Fig. S8) . Collectively, our experimental results suggest that light-induced retinal damage in these double-knockout mice is no different than in Palm −/− mice, eliminating the possibility that signaling plays a major role in the observed retinal degeneration. Next, we removed retinoids and inhibited the visual cycle that produces chromophore (16) by producing Palm −/− Lrat −/− mice that cannot store retinoids in the eye (30) . Here we found that Palm −/− Lrat −/− mice exhibited a striking loss of rod photoreceptor cells by the age of 6 weeks. Cones, when they had been formed, disappeared more rapidly and were largely absent in the inferior retina, probably because Lrat −/− mice lack chromophore required for cone cell maintenance (Fig. S7) . Importantly, this severe retinopathy in Palm −/− Lrat −/− mice could be prevented by pharmacological pretreatment with the artificial chromophore precursor, 9-cis-retinyl acetate, indicating that lack of chromophore contributes to this type of retinal degeneration. Thus, processes leading to massive removal of chromophore, either by light stimulation or elimination of the visual cycle, markedly destabilize palmitoylationdeficient opsin, resulting in preferential destruction of rod photoreceptors.
Implications for Human Retinal Diseases. To our knowledge, no human retinal degeneration associated with mutations at palmitoylation sites of rhodopsin has yet been reported, most likely because recessive removal of both palmitoylation sites at positions 322 and 323 would be required (Fig. S1B) . Palm −/− mice are highly sensitive to light, whereas Palm +/− mice are far less susceptible to light-induced retinal degeneration (Fig. S3 ). This suggests that partial palmitoylation is sufficient to protect rhodopsin's structure, perhaps because it exists as oligomers within native rod outer segment membranes, which also helps stabilize its structure (31) . Our results also unveil a possible mechanism for early cone degeneration in Lrat −/− and Rpe65 −/− (lacking retinoid isomerase RPE65) mice lacking functional chromophore. This phenotype is also observed in certain patients with early-onset severe retinal degeneration, namely Leber congenital amaurosis with RPE65 mutations (17) . Based on our observations and because cone opsins structurally are closely related to rhodopsin but could be unpalmitoylated (5), lack of chromophore may selectively destabilize cone opsins, leading to subsequent cone degeneration. In summary, rod and cone photoreceptor death is induced by a lack of chromophore and palmitoylation of opsins. Palmitoylation was shown to be important for stabilizing unliganded opsins and tandem palmitoylation of rhodopsin helps protect against light-induced retinal degeneration. Induction and Analysis of Light Damage. Six-week-old mice were dark-adapted for 48 h before exposure to light. Light damage was induced by eye exposure to 10,000 lx of diffuse white fluorescent light (150 W spiral lamp; Commercial Electric) for the indicated time periods. Before such light exposure, pupils of mice were dilated with 1% tropicamide and after exposure animals were kept in the dark until evaluation.
Full descriptions of analytical methods employed such as SD-OCT, scanning laser ophthalmoscopy (SLO), electroretinography (ERG), and retinoid and histological analyses can be found in SI Methods.
